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Abstract. Heavy sterile neutrinos with masses O(100) MeV mixing with active neutrinos
can be produced in the core of a collapsing supernova (SN). In order to avoid an excessive
energy loss, shortening the observed duration of the SN 1987A neutrino burst, we show that
the active-sterile neutrino mixing angle should satisfy sin2 θ . 5 × 10−7. For a mixing with
tau flavour, this bound is much stronger than the ones from laboratory searches. Moreover,
we show that in the viable parameter space the decay of such “heavy” sterile neutrinos in the
SN envelope would lead to a very energetic flux of daughter active neutrinos; if not too far
below current limits, this would be detectable in large underground neutrino observatories,
like Super-Kamiokande, as a (slightly time-delayed) high-energy bump in the spectrum of a
forthcoming Galactic SN event.
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1 Introduction
Core-collapse supernovae (SNe) represent the most powerful sources of neutrinos in the Uni-
verse. Indeed, during the explosion of a massive star, O(1058) (anti)neutrinos of all the
flavors are emitted with average energies E ∼ 15 MeV. For this unique property, a SN can be
truly considered a neutrino factory to probe fundamental properties of neutrinos, e.g. mixing
and nonstandard interactions (see, e.g., [1, 2] for recent reviews). At this regard, the next
detection of a SN neutrino burst from a Galactic event in a large underground detector is
considered one of the next frontiers of low-energy neutrino astronomy. Furthermore, a SN is
also a powerful laboratory to probe the emission of exotic particles beyond standard Model
neutrinos. In particular, low-mass particles produced in the SN core would constitute a novel
channel of energy loss, shortening the duration of the neutrino burst [3]. In this context, the
detection of SN 1987A neutrinos on a time scale of ∼ 10 s, as expected from the Standard
SN cooling scenario, excludes an additional energy drain associated with exotic particles,
if dominant with respect to the standard neutrino channels. Many new physics scenarios
have been constrained using this powerful argument, including axions [4], dark photons [5],
Kaluza-Klein gravitons [6] and unparticles [7].
Even within the neutrino sector, the duration of the SN neutrino burst has been used
to constrain sterile states mixing with the active ones. In particular, strong constraints have
been placed on sterile neutrinos with masses of O(keV) [8–11], which may be also invoked
as warm dark matter candidates. The impact of sterile states at the eV scale, as possibly
suggested by a number of laboratory anomalies, on the SN signal phenomenology has also
been considered [12–15]. A less well-studied case (for some dated exception, see [16, 17]) is
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constituted by sterile neutrinos with masses of O(100) MeV. Given a typical temperature
T ' 30 MeV in the SN core, such relatively heavy sterile neutrinos might still be produced by
the mixing with the active ones, suffering only a moderate suppression due to the Boltzmann
factor.
Nonetheless, sterile neutrinos in this mass range emerge rather naturally in extensions
of the Standard Model, like dynamical electroweak symmetry breaking [18] or the Neutrino
Minimal Standard Model (νMSM) [19, 20]. In the latter case, they are related to fundamental
problems of particle physics like the origin of neutrino mass, the baryon asymmetry in the
Early Universe and the nature of dark matter. Their parameter space is strongly constrained
by collider and beam-dump experiments for the mixing with νe and νµ neutrinos [21, 54].
However, for sterile neutrino mixing with ντ , the range 10
−7 . sin2 θ . 10−5 is currently
unconstrained for masses of O(100 − 200) MeV. In [23] it was proposed that for viable
mixings in this mass range there should be a significant sterile neutrino emission from a SN
core, whose further decay in the stellar envelope may be helping the explosion mechanism (a
scenario recently explored in [24]) and produce a detectable flux of energetic active neutrinos
as decay byproducts. Motivated by this intriguing insight, we decided to take a fresh look to
this physics case to assess in a more quantitative way observable signatures of heavy sterile
neutrinos emitted during a galactic SN explosion. The plan of our work is as follow. In
Sec. 2 we present our benchmark model for the active SN neutrino fluxes based on state-
of-the-art simulations and we characterize the emissivity of heavy sterile neutrinos solving
the transport Boltzmann equation for the mixed active-sterile neutrino system in the SN
core. We also present our bound on the heavy sterile neutrino parameter space based on the
energy-loss argument from SN 1987A. Then in Sec. 3 we characterize the flux of high-energy
active neutrinos, coming from the decay of the heavy sterile ones (more technical details
on the spectra of different channels are reported in Appendix A). Its detectability in water
Cherenkov detectors such as Super-Kamiokande is investigated in Sec. 4. Finally, in Sec. 5
we discuss our results and we conclude.
2 Heavy sterile neutrino emission from supernovae
2.1 SN reference model
In this Section we characterize the heavy sterile neutrino emissivity in core-collapse super-
novae, ignoring feedback onto the dynamics dominated by the standard processes. This
hypothesis will be correct for sufficiently small mixing angles, of course. In order to connect
these results with realistic SN models, we consider as SN reference a model with 18 M
progenitor simulated in spherical symmetry with the AGILE-BOLTZTRAN code [25, 26].
We remind the reader that in spherically symmetric simulations neutrino-driven explosions
cannot be obtained, except for very light progenitor stars. Therefore, an enhanced (active)
neutrino heating treatment has been applied here in order to trigger the SN explosion onset
at post-bounce time tpb = 350 ms. Once the explosion proceeds, the standard rates are re-
stored. The radial temperature profile of our SN model, at three different post-bounce times
tpb, shown in Fig. 1, corresponds to the simulation of the protoneutron star deleptonization
of [27]. We can see that the temperature T presents a peak of ∼ 40 MeV at r ' 10 km. Given
the steep temperature dependence of the sterile neutrino emission rate (we find a dependence
on the temperature scaling as T 12), one expects the dominant νs production around this peak
temperature. One also realizes that at later tpb the peak in the temperature recedes, due to
the cooling of the proto-neutron star.
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Figure 1. Radial profile of temperature at three different post-bounce times for our 18 M SN
reference model.
Concerning the active neutrino signal, examining the numerical models in detail one
finds that roughly half the energy is emitted during the accretion phase (tpb . 0.5 s). How-
ever, it is well known that exotic processes can hardly compete in this stage [28]. Conversely,
the later ν signal (corresponding to the cooling of the proto-neutron star) can be significantly
affected by the emission of new particles [28]. For this reason, we will focus on tpb & 0.5 s.
During the cooling phase, a SN can be roughly considered as a black-body cooling via neu-
trino emission. Indeed, the neutrino energy distribution is well approximated with a quasi-
thermal distribution with the temperature of the neutrino-sphere. A simple parametrization
of the neutrino energy distributions for the different neutrino species ν ≡ νe, ν¯e, νx, ν¯x (with
x = µ, τ), based on the numerical simulations is [29, 30]:
fν(E) =
(1 + αν)
1+αν
Γ(1 + αν) 〈E〉
(
E
〈Eν〉
)α
exp
[
(1 + αν)
E
〈Eν〉
]
, (2.1)
dNν
dE
=
Lν
〈Eν〉f(E) , (2.2)
αν =
2 〈Eν〉2 −
〈
E2ν
〉
〈E2ν〉 − 〈Eν〉2
, (2.3)
where fν(E) is te normalized neutrino energy distribution, dNν/dE the differential number
flux, Lν is the luminosity, and αν is the so-called pinching parameter.
In Fig. 2 we plot for the different neutrino species: the neutrino luminosity Lν vs post-
bounce time tpb (upper panel), the average neutrino energy 〈E〉 as function of the post-bounce
time tpb (middle panel) and the normalized neutrino energy distribution fν(E) in the time
window [0.6, 10] s (lower panel). In Table 1 we report the parameters for αν , Nν ≡ Lν/〈Eν〉,
〈Eν〉 referring to the considered simulation in the time window [0.6, 10] s.
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Figure 2. Upper panel: Luminosities of different active neutrino flavours vs. the post-bounce time
tpb. Middle panel: Average energy of different neutrinos species vs. the post-bounce time tpb. Lower
panel: Normalized energy distribution of different neutrinos species in the post-bounce time window
[0.6, 10] s. All panels refer to our 18 M SN progenitor benchmark.
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Table 1. Parameter of the time-integrated neutrino fluxes in the time window 0.6− 10 s.
Specie αν Nν (×1056) 〈Eν〉 (MeV)
νe 2.2 9.2 7.1
ν¯e 1.6 8.5 8.8
νx 1.4 10.7 9.1
Table 2. Matrix elements for ν4 production, see also [23, 33] for notation and details.
Process S|M|2/(8G2F sin2 θτ4)
ντ + ν¯τ → ν4 + ν¯τ (ντ ) 4u(u−m24)
νµ + ν¯µ → ν4 + ν¯τ (ντ ) u(u−m24)
ντ + ντ → ν4 + ντ 2s(s−m24)
ν¯τ + ν¯τ → ν4 + ν¯τ 2s(s−m24)
νµ + ντ → ν4 + νµ s(s−m24)
ν¯µ + ν¯τ → ν4 + ν¯µ s(s−m24)
ντ + ν¯µ → ν4 + ν¯µ u(u−m24)
ν¯τ + νµ → ν4 + νµ u(u−m24)
2.2 Heavy sterile neutrinos production processes
After having characterized the standard active neutrino emission from our benchmark core-
collapse SN, we investigate the possibility that also heavy sterile neutrinos would be produced
during a stellar collapse. We consider a single sterile neutrino mass eigenstate ν4, with
m4 ∼ 200 MeV, and mixing angle θa4. We will see that, in the chosen mass range, in order
to have a sizable signal one requires sin2 θa4 ∼ 10−8 − 10−7. However, in the considered
mass range, constraints coming from laboratory experiments and big bang nucleosynthesis
would exclude these values of the mixing parameter for the mixing with electron and muon
neutrinos [21]. Therefore, in the following we will focus on the sole mixing of ν4 with ντ , which
is the least constrained sector and where SN neutrinos have the maximal complementarity
to other experiments.
First, let us consider the production processes of heavy sterile neutrinos in a SN. In the
hot core, n, p, e−, e+, νe, ν¯e are degenerate. Therefore, Pauli-blocking will render pair anni-
hilation and the inelastic scattering of non-degenerate neutrino species νx=µ,τ the dominant
process for the sterile ν4 mass eigenstate production. In Table 2, we report the squared
interaction matrix element (times the statistical factors S) for the different production pro-
cesses [23, 33] in terms of Mandelstam variables. Here and in the following we assume sterile
neutrinos as Majorana particles, so that we do not distinguish neutrinos from antineutrinos.
2.3 Kinetic equation for heavy sterile neutrino production
In order to characterize the heavy sterile neutrino emissivity one should solve the Boltzmann
neutrino transport equation, as currently done for active neutrinos [31]. This is a formidable
process involving space-time evolution. In order to simplify this problem we assume the SN
core as an homogeneous and isotropic environment, as in [32]. In this simplified situation,
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the equation governing the sterile neutrino production is [33]:
∂fs
∂t
= Ccoll(f) , (2.4)
where fs is the distribution of sterile neutrinos and Ccoll is the sum of all possible collisional
interactions reported in Table 2. We can express the collisional term as [33]:
Ccoll = 1
2Es
∫
d3pˆ2d
3pˆ3d
3pˆ4Λ(fs, f2, f3, f4)S|M |212→34δ4(ps + p2 − p3 − p4)(2pi)4 , (2.5)
where d3pˆ = d3p/[(2pi)32E], Es and ps are energy and momentum of sterile neutrino respec-
tively, fi is the distribution function of i-th neutrino, S is a symmetry factor of 1/2 for each
couple of identical particles in the initial or final state, |M |212→34 refers to the processes in
Table 2. The function
Λ(f1, f2, f3, f4) = (1− f1)(1− f2)f3f4 − f1f2(1− f3)(1− f4) , (2.6)
is the phase space factor, including the Pauli-blocking factor (1 − fi) for the final states.
Once produced, sterile neutrino will escape almost freely from the SN core, to the contrary
of the active species which are diffusively confined within. Thus, to evaluate the collisional
integral we assume fs = 0. Moreover, since νµ and ντ are in thermal equilibrium in the SN
core, we can describe them by Fermi-Dirac distribution:
fνx =
1
eE/T + 1
, (2.7)
with the temperature profile shown in Fig. 1.
We numerically solve the Boltzmann equation [Eq. (2.4)] obtaining the sterile neutrino
distribution fs. From this quantity, one can obtain the sterile neutrino number density ns
as [34]
dns =
fsd
3p
(2pi)3
=
fspsEsdEsdΩ
(2pi)3
, (2.8)
so that
dns
dEs
=
∫
dΩ
fsEsps
(2pi)3
=
1
2pi2
fsEsps . (2.9)
Finally, integrating over the SN profile one gets the sterile neutrino energy spectrum dLs/dEs
as
d2Ns
dEsdt
=
∫
d3r
1
2pi2
dfs
dt
Esps =
2
pi
∫
drr2
dfs
dt
Esps (2.10)
dLs
dEs
= Es
d2Ns
dEsdt
. (2.11)
In Fig. 3 we show the sterile neutrino energy spectrum dLs/dEs at different post-bounce
times for m4 = 200 MeV and sin
2 θτ4 = 10
−7. One can see that the sterile neutrino energy
spectrum is peaked at much higher energies with respect to the active neutrino ones. As
we will see, this peculiar feature provides a possible fingerprint of this flux. Notice how the
sterile neutrino luminosity increases with time when tpb . 3 s, due to the rise of the core
temperature, while decreases at later times due to cooling of the SN core (see Fig. 1). It
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is worth stressing that, for the chosen parameters, the sterile neutrino luminosity is always
smaller than the ντ luminosity, as manifest from Fig. 4. This is an important a posteriori
check of the consistency of our calculation in this range. Finally, we report that—for the
assumed mass and mixing parameters of the sterile neutrino—the time-integrated function
dNs/dps, related to the energy spectrum simply via
dNs
dEs
=
√
p2s +m
2
s
ps
dNs
dps
, (2.12)
can be fitted with the spectral representation of Eq. (2.1), considered as function of ps, with
parameters Ns = 8.3×1054, α = 1.64 and 〈ps〉 = 121 MeV. For completeness we compare our
sterile neutrino emissivity with the result of [23]. For m4 = 200 MeV and sin
2 θτ4 = 5× 10−8
they quote an emitted energy 1051 erg in the time window tpb ∈ [1; 5] s. In the same situation
we obtain Es ' 2.6× 1051 erg.
Finally, we mention that sterile neutrinos whose kinetic energy satisfies
Ekin ≤ Ktr ≡ GNMrm4
r
, (2.13)
will be trapped by gravitational attraction (see [36] for details). In the above equation, GN
is the Newton’s constant, r is the radius at which the sterile neutrino is produced, and Mr is
the mass of the supernova enclosed within the radius r. One can schematically include this
effect by modifying the sterile neutrino energy spectrum as
dLs
dEs
→ dLs
dEs
θ(Es −Ktr −m4) . (2.14)
We checked that for the case of m4 = 200 MeV, shown in Fig. 3, the effect of the trapping
would only cut the energy spectrum for Es . 230 MeV, producing a modest effect on the
phenomenology discussed here. Thus, for simplicity, we neglected this O(10%) correction in
the following. However, for higher masses the effect becomes sizable. In Fig. 5, we illustrate
the case of m4 = 400 MeV and sin
2 θτ4 = 10
−7. Dashed lines refer to simulations without
including the gravitational trapping effect, that is considered in the continuous curves. We
see that in the latter case about half of the energy spectrum is cut due to the gravitational
trapping effect. Both the bounds and the phenomenology start to be seriously altered and
the gravitational capture should not be neglected anymore.
2.4 SN 1987A bound on heavy sterile neutrinos
Neutrino emission from SN 1987A can be used to obtain bounds on heavy sterile neutrinos [16,
17, 28]. For small values of the mixing angle, like the ones we are considering, sterile neutrinos
are weakly interacting in the SN core and freely escape after being produced, contributing to
an additional energy-loss channel on top of the standard one associated with active neutrinos.
In order to avoid conflict with the observations, one has to require the energy-loss rate per unit
mass εs ≤ 1.0 × 1019 erg g−1 s−1[8] that can be translated into luminosity loss, considering
the core mass M ∼ 1M, via the relation
Ls = εs × 1M ' 2× 1052 erg/s . (2.15)
The red upper part of Fig. 6 represents the region in (m4, sin
2 θτ4) nominally excluded by
the energy-loss argument. 1 We stress that this part of the parameter space, in the case of a
1We mention that a comparable bound has been obtained requiring that the energy transfer from heavy
sterile neutrino decay into electromagnetic channels does not lead to too energetic SN explosions [24, 35]).
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Figure 3. Energy distribution of the ν4 luminosity at three different post-bounce times, for m4 =
200 MeV and sin2 θτ4 = 10
−7.
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Figure 4. Time-dependent comparison between the sterile neutrino luminosity and the ντ luminosity
emitted from our benchmark supernova model, assuming m4 = 200 MeV and sin
2 θτ4 = 10
−7.
heavy sterile neutrino mixing with ντ , is unconstrained by laboratory experiments. Note that
for values of the mixing angle roughly above the showed region, the sterile neutrinos would
be no longer free-streaming. They would enter a trapping regime, contributing to energy
transfer in the SN core [16, 17]. The study of this regime is more challenging, so that the
bound cannot be naively extrapolated to large mixings. However, since large mixing angles
are already excluded, it is not particularly interesting to investigate this situation from the
phenomenological point of view. In the following, we will thus limit ourselves to consider
mixing angles smaller than the ones excluded by SN 1987A. As discussed in the previous
Section, heavy sterile neutrinos with masses m4 & 300 MeV would be gravitationally trapped
in the SN core, so the energy-loss bound would be significantly relaxed at large masses.
Note that the impact of heavy sterile neutrinos on the SN 1987A, while typically over-
looked, may have interesting applications. One recent example is the model [37] in which
relatively heavy sterile neutrinos mixing with νµ and ντ have been argued to possibly re-
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Figure 6. The excluded region (in red) in the plane (m4, sin
2 θτ4) coming from the SN1987A energy
loss argument applied to our benchmark SN model. The curve is the result of a smooth interpolation
of bounds computed on a 10 MeV grid.
lieve the tension between the “locally measured” vs. the “cosmological inferred” value of the
Hubble parameter.
3 Heavy sterile neutrino decays
Heavy sterile neutrinos produced in SN core would decay in the stellar envelope producing
an observable flux of active neutrinos. For sterile neutrinos with masses O(100) MeV and
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mixing only with ντ , the charged-current processes are kinematically forbidden. Thus, in the
following we will only consider the allowed neutral-current decay processes [38–42]
ν4 → νpi0 ,
ν4 → ννν ,
ν4 → νe−e+ , (3.1)
which are the dominant ones in the mass range of interest. The latter is actually a factor
four smaller than the three-neutrino one (in turn, sub-leading with respect to the two-body
one) and will be eventually neglected, but to determine the branching ratios. Details on
these processes are reported in the Appendix. For definitiveness, in the following numerical
examples we will assume m4 = 200 MeV and mixing sin
2 θτ4 = 10
−7.
3.1 Flux of daughter active neutrinos
Consider the sterile neutrino decay with total rate Γ and assume that some decay channel
yields active neutrinos. The kinetic equations for the variation in the number of sterile Ns(t
′)
and active Na(t
′) neutrinos, due to the decay in the rest frame of the sterile neutrinos, are
given by:
d
dt′
Ns(t
′) = −ΓNs(t′) , (3.2)
d
dt′
Na(t
′) = BaΓNs(t′) , (3.3)
where t′ is the time in the rest frame of the sterile neutrino, and Ba is the branching ratio
of the considered decay process times the number of produced active neutrinos of type a.
Passing from the rest frame to the laboratory frame, the general transformation of the active
neutrino variables from primed quantities (referring to the sterile neutrino rest frame) to the
unprimed (Lab) frame is: Ep⊥
p‖
 =
 γ 0 βγ0 1 0
βγ 0 γ
 E′p′ sin θ
p′ cos θ
 , (3.4)
where γ = 1/
√
1− β2 is the Lorentz factor of the ν4 moving with velocity β = v/c in the Lab
frame, θ is the angle that the νa decay direction in the rest frame of ν4 forms with the velocity
of ν4 in the Lab frame, and p⊥ and p‖ are the components of the νa momentum perpendicular
and parallel to the ν4 momentum in the Lab frame, respectively. From Eq. (3.2), one gets in
the Lab frame
d
dtD
Ns(tD) = − 1
τγ
Ns(tD) =⇒ Ns(tD) = e−tD/τγNs(0) , (3.5)
where and τ = 1/Γ is the lifetime in the rest frame and and tD the time in the laboratory
frame. The active neutrino emitted at a time tD inside the SN at a distance Rs has to travel
a distance `ν different from the Earth-SN center distance, dSN, as it is shown in Fig. 7. Thus,
the arrival time of the emitted active neutrino is tarr = tD + `ν/c, to be compared with the
minimum time required to arrive tmin = dSN/c; we can choose the latter as zero, so that our
– 10 –
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Figure 7. Schematic representation (not on scale) of the path followed by a sterile neutrino and
its daughter active neutrinos where dSN is the distance between SN and Earth, Rs is the distance
travelled by the sterile before its decay and `ν is the distance travelled by the daughter active neutrino
to reach Earth.
time variable is t = tarr − tmin = tD + (`ν − dSN)/c , i.e. the time delay. Using the law of
cosines
d2SN = R
2
s + `ν
2 − 2`νRs cosϑ , (3.6)
where Rs is the distance from SN where the decay happens and ϑ is the emission angle in
the laboratory frame relative to the sterile neutrino momentum. For a decay inside the SN
with Rs  dSN, applicable to our situation of interest, we obtain
`ν = dSN −Rs cosϑ . (3.7)
Therefore, since β = Rs/(tD c),
t = tD(1− β cosϑ) = tD
γ2(1 + β cos θ)
, (3.8)
where we use the angular transformation
cosϑ =
β + cos θ
1 + β cos θ
. (3.9)
Moreover, using Eq. (3.8) to express the time variable in terms of t, Eq. (3.3) can be rewritten
in a differential form as [43]
dNa
dtdE
=
Ba
τ
∫
d cos θ
∫ ∞
Emin
dEs
dNs(t, Es)
dEs
fa
(
E
γ(1 + β cos θ)
, cos θ
)
=
Ba
τ
∫
d cos θ
∫ ∞
Emin
dEs exp
[
− γ(1 + β cos θ)t
τ
]dNs(0, Es)
dEs
fa
(
E
γ(1 + β cos θ)
, cos θ
)
.
(3.10)
where fa(E
′, cos θ) is the double differential distribution function (with respect to energy and
angular variables) of the daughter active neutrino in the rest frame of ν4, normalized to 1
once integrated over E′ and cos θ. We have considered that for a massless active neutrino
E = p, and Emin is the minimum sterile neutrino energy in the laboratory frame to produce
an active neutrino with energy E. By integrating over the arrival delay time, one has
dNa
dE
= Ba
∫
d cos θ
∫ ∞
Emin
dEs
1
γ(1 + β cos θ)
dNs(0, Es)
dEs
fa
(
E
γ(1 + β cos θ)
, cos θ
)
, (3.11)
– 11 –
E(MeV)1 10
210
)
-
1
 
M
eV
-
2
dF
/d
E 
(cm
610
710
810
910
1010 SN
 aνaντν→4ν
 
0piτν→4ν
Figure 8. ντ energy distribution from SN explosion (solid curve), ν4 → pi0ντ (red, short-dashed
curve) and ν4 → ντνµν¯µ decay (blue, long-dashed curve).
where γ = Es/m4 and β = ps/Es. The neutrino yields corresponding to the dominant two
and three body decay modes are described in detail in the Appendix, where this formula is
applied to the concrete cases of interest.
In Fig. 8 we compare the distribution of ντ ’s from SN explosion simulation (solid curve)
with the ντ ’s produced by the sterile neutrino decay (dashed curves). We can see that the
active neutrinos produced from ν4 → pi0ντ (red, short-dashed curve) start to be dominant at
E ∼ 50 MeV, while those produced from ν4 → ντ ν¯aνa (blue, long-dashed) start to dominate
at E ∼ 120 MeV.
4 Detecting the active neutrinos from sterile neutrino decays
In the following, we estimate the potential of large underground neutrino experiments to de-
tect a neutrino burst induced by decaying heavy sterile neutrinos from SNe. For definiteness,
we will focus on the underground water Cherenkov detector Super-Kamiokande (SK), with
a fiducial mass of 22.5 kton, where the main detection channel for SN neutrinos is by inverse
beta decay process ν¯e + p
+ → e+ + n. Estimates for the future Hyper-Kamiokande detector,
whose 1TankHD design consists of 187 kton [44], can be obtained by roughly rescaling the
numbers quoted for SK by a factor 8.4.
4.1 Oscillated neutrino fluxes
The initial neutrino distributions are in general modified by flavor conversions F 0ν → Fν . We
assume a standard 3ν framework where the mass spectrum of neutrinos is parameterized in
terms of two mass-squared differences, whose values are obtained from a 3ν global analysis
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of the neutrino data [45]∣∣∆m2atm∣∣ = ∣∣m23 −m21,2∣∣ = 2.45× 10−3 eV2 , (4.1)
∆m2 = m
2
2 −m21 = 7.34× 10−5 eV2 , (4.2)
where according to the sign of ∆m2atm one distinguishes a normal (NH, ∆m
2
atm > 0) or an
inverted (IH, ∆m2atm < 0) mass ordering. The flavor eigenstates νe,µ,τ are linear combinations
of the mass eigenstates ν1,2,3 with a unitary transformation parametrized by three mixing
angles (the CP-violating phase do not enter in our calculations). Their best-fit values of the
relevant mixing angles, according to the global analysis, are (for the NH case)
sin2 θ12 = 0.304 , sin
2 θ13 = 0.0214 . (4.3)
The value of the mixing angle θ23 is not relevant in our context since we will consider only
the ν¯e detection. For IH case the best-fit values are similar to the ones quoted before.
Neutrino flavor conversions in SNe are a fascinating and complex phenomenon where dif-
ferent effects would contribute to profoundly modify the original neutrino fluxes (see Ref. [1]
for a recent review). Indeed, in the deepest SN regions (r . 103 km) the neutrino density
is sufficiently high to produce a self-induced refractive term for the neutrino propagation,
associated with ν–ν interactions. These would produce surprising collective effects in the
flavor dynamics that are currently under investigation [49]. At larger radii (r ∼ 104–105 km)
neutrino fluxes would be further processed by the ordinary Mikheeyev-Smirnov-Wolfenstein
(MSW) matter effects [46–48]. In this context, shock-wave propagation and matter turbu-
lences may induce additional modifications in the neutrino fluxes. Since our goal is not to
give an accurate description of all these effects, in order to asses the detectability of the
active neutrino signal induced by heavy sterile neutrino decays we adopt a schematic ap-
proach, assuming that the neutrino flux arriving at Earth can be expressed in terms of ν¯e
energy-dependent survival probabilities P¯ee(E) [1]
Fν¯e = P¯ee(E)F
0
ν¯e + [1− P¯ee(E)]F 0ν¯x(E) . (4.4)
There is a similar equation for Fνe with probabilities Pee(E). We will use P¯ee = cos
2 θ12
for NH and P¯ee = 0 for IH, where cos
2 θ12 ' 0.7. This choice corresponds to the sole
matter effects along a static SN density profile. Using these equations we find the ν¯e flux
from ν4 → pi0ν¯τ and ν4 → ντνaν¯a decays. In Fig. 9 we show for the NH (dashed curve)
and IH (solid curve) ν¯e flux from ν4 → pi0ν¯τ (left panel) and ν4 → ντνaν¯a (right panel)
decays, respectively. The fluxes at the Earth have been obtained considering the geometrical
dilution factor 1/4pid2, where for definiteness here and in the following we assume a typical
SN distance d = 10 kpc (see e.g. [50].)
4.2 Events from sterile neutrino decay
In this section we characterize the signal in Super-Kamiokande, associated to the daughter
neutrinos produced by heavy sterile neutrino decays. Concerning the inverse-beta-decay
process, we take the differential cross section from Ref. [51]. The total cross section grows
approximatively as E2. The number of events from the standard ν¯e signal and for the one
induced by the decays are reported in Table 3 for both neutrino mass hierarchies. For the
chosen value of the mixing angle, the sterile neutrino events constitute between 5% and
10% of the total flux. Nevertheless, the two contributions are separated in energy and this
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Figure 9. ν¯e flux from heavy sterile neutrino decay on Earth as a function of neutrino energy for
a SN at a distance d = 10 kpc for NH (dashed red curve) and IH (solid dark curve). Left panel:
ν4 → pi0ντ . Right panel: ν4 → ντνaν¯a.
Table 3. Expected events in SK from the ‘standard’ SN ν¯e flux and those from ν4 decays.
Channel Number of events
NH IH
SN ν¯e 5280 5640
ν4 → pi0ν¯τ 141 470
ν4 → ντνaν¯a 115 182
makes possible the detection of the sterile induced signal. Indeed, in Fig. 10 we compare
for NH the positron events energy distribution as function of positron energy in SK from
SN explosion simulation (blue) with ν4 → pi0ν¯τ (red) and ν4 → ντ ν¯aνa (black) decays. The
signal induced by heavy sterile ν decays is detectable since it would produce O(100) events in
a region where in the standard scenario one does not expect a neutrino signal. Therefore, the
most distinctive and robust signature of the existence of ν4 would be a bump in the energy
spectrum at Epos & 80 MeV. Similar results would be obtained in IH. Also, although with
quantitative differences due to the different cross-sections and fiducial volumes, we expect this
signature to be measurable at other detectors relying on techniques different from the Water
Cherenkov one, provided that the ‘standard’ SN signal generates at least a few hundreds
events and that they have sufficient energy resolution.
In principle, there is at least another signature of sterile neutrino decays, which is a
certain time delay of the detectable active neutrino decay byproducts with respect to the
active standard neutrino flux initially produced. Such a delay is not necessarily too small to
be measurable with current timing capabilities, as for benchmark parameters the delay is in
the tens of ms range (see Appendix A), possibly longer for smaller mixing angles or slightly
lighter neutrinos. The major limitation in exploiting this information is in the lack of any
specific time-stamp in the flux expected from the cooling phase. If the flux is really rather
featureless as in the benchmark model used here, the timing information may turn out to be
impossible to exploit. We point out, however, that a number of effects can imprint relatively
fast timescales upon the neutrino signal, such as a rather abrupt termination of the cooling
flux if the proto-neutron star were to turn into a black hole over seconds timescales. Should
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Figure 10. Number of observable events in Super-Kamiokande as a function of the positron energy
Epos, considering standard SN emission (blue, leftmost histogram), ν4 → ν¯τ (red, middle histogram)
and ν4 → ντνaν¯a (black, rightmost histogram). NH is assumed.
the “standard”, high-statistics neutrino flux present interesting time structures, the issue of
searching for peculiar time-signatures in the high-energy flux attributable to sterile neutrino
decays would certainly deserve to be revisited.
Finally, we note that for a mixing with tau neutrinos, the flavour ratios of the high-
energy flux from sterile decay are not identical to the conventional SN flux, even considering
mixing. However, to exploit this information one would need a high statistics detection of the
exotic flux in multiple channels (some sensitive to neutral currents), which would probably
require multiple type of detectors and rather delicate combined analyses, and whose details
strongly depend on the assumptions on the type of detectors available at the time.
5 Conclusions
Heavy sterile neutrinos with masses O(MeV −GeV) are predicted in extensions of the Stan-
dard Model such as Neutrino Minimal Standard Model (νMSM). Heavy sterile neutrinos in
this mass range can be constrained with a series of laboratory experiments ranging from peak
searches in meson decays to beam dumps. However, for the case of sterile ν mixing only with
ντ the laboratory constrains are quite weak. In this context, we showed that there is a region
with mixing sin2 θτ4 ∼ 10−7 and mass ms ∼ 200 MeV which is unconstrained by laboratory
experiments, but where heavy sterile ν would be copiously emitted by a core collapse SN
explosion, without violating the SN 1987A bound. The goal of this work has been to inves-
tigate this possibility and the opportunity to detect in large underground neutrino detectors
signatures associated with the production of heavy sterile ν in SNe.
In order to characterize the sterile ν emissivity in SN, we solved the Boltzmann transport
equation for the active-sterile neutrino system, characterizing the supernova environment
through state-of-the-art SN simulations.
These heavy sterile neutrinos produced in the supernova core would then decay in the stellar
matter on a time scale of tens of ms. In particular, in this mass range the dominant decay
processes are ν4 → ντpi0 and ν4 → ντνaν¯a where a = e, µ, τ . For each of them we calculated
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the decay rate and the corresponding spectrum of the daughter active neutrinos.
Finally we characterized the possible signal due to daughter active neutrinos in the water
Cherenkov detector Super-Kamiokande via inverse beta decay (IBD) ν¯e + p
+ → n+ e+. We
found that for the assumed mass and mixing parameters, sterile neutrinos would induce few
hundred of events at E > 100 MeV for a galactic SN at d = 10 kpc where one does not
expect a signal from supernova neutrinos in the standard scenario. Thus, the detection of
a high-energy bump in the SN neutrino spectrum would be a clear signature of the ster-
ile neutrino emission and cannot be mimicked by any other known process. Of course one
expects similar or better detection perspectives in future generation experiments like Hyper-
Kamiokande [44], DUNE [52] and JUNO [53]. Hyper-Kamiokande, for instance, would ensure
a significant detection also for a SN further away in our Galactic neighborhood, for somewhat
smaller mixing parameters/lighter sterile neutrino, or for a SN model with a core cooler than
the one considered here by a few tens of percent.
Although in this article we have not focused on the impact of the massive sterile neu-
trinos on the explosion mechanism, let us remind the reader that the sterile neutrino decay
processes ν4 → νpi0, would lead to a γ flux from the pi0 decay whose energetics is of the same
order of the typical SN explosion energy (at least for our benchmark parameters). This pho-
ton injection would occur at distance O(103) km in the SN envelope. It has been pointed out
in [23] that the energy deposition from the γ flux would have an impact on the SN explosion,
even if it occurs after the stalled shock-front. This effect has been numerically studied in [24],
showing that the γ’s would heat the gas at higher radii that ejects matter from the outer
core or the envelope while the center continues to accrete matter. So, it appears likely that
for our choice of the mass-mixing parameters of the sterile neutrinos one would turn models
which are non-exploding in the standard 1D case into successful SN explosions, possibly with
somewhat enhanced explosion energy. It is also probable that nucleosynthetic yields would
differ in a heavy νs-decay triggered SN or in an ordinary one. Needless to say, numerical
simulations are needed to address these questions more quantitatively. Such a study may
uncover further signatures or constraints.
The parameter space probed by a SN is largely within the reach of the future searches
of heavy sterile neutrinos foreseen in the SHIP experiment [21] or a wider range of collider
searches (see [54] for a recent study), which would allow for an exciting laboratory counterpart
of an eventual astroparticle signal. In conclusion, in addition to future laboratory searches, a
Galactic supernova explosion would constitute a valuable opportunity to probe heavy sterile
neutrinos such as the one predicted in the νMSM, and suitable searches for events beyond
the energy range of typically predicted neutrino fluxes appear justified in the event of a SN
neutrino burst.
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A Relevant sterile neutrino decay modes
We consider both the leading two-body and three-body decays. In both cases we assume
isotropically distributed decay products, as in [43]: while this condition does not hold on an
event-by-event basis, we deal with an ensemble of sterile neutrinos with random helicities, so
that isotropy applies in a statistical sense.
A.1 Two-body decay ν4 → ντpi0
The decay rate of this process is [38, 39, 55, 56]
Γ(ν4 → pi0 + ντ ) = (GF fpi)
2
32pi
sin2 θτ4 m
3
4
(
1− m
2
pi
m24
)2
, (A.1)
where fpi ' 135 MeV is the pion decay constant. The above formula is correct for the
exclusive channel containing a neutrino final state, and is the same for Dirac and Majorana
neutrinos. But since we assume a Majorana sterile neutrino, the charge conjugated process
with a final antineutrino is also possible, so the total decay rate is twice the above, i.e.
Γ2 body = Γ(ν4 → pi0 + ντ ) + Γ(ν4 → pi0 + ν¯τ ) = 2Γ(ν4 → pi0 + ντ ) . (A.2)
The above rate, if compared to the total decay rate (see next section for the other
channels), yields a branching ratio Bpi0 = 0.85 at the reference mass m4 = 200 MeV. As a
consequence, the sterile neutrino lifetime τ = (
∑
Γi)
−1 is dominated by the two-body process
and we have
τ =
1
Γtot
=
Bpi0
Γ2 body
' 0.016 s(
1− 0.46
(
200 MeV
m4
)2)2 ×
(
10−7
sin2 θτ4
)2(
200 MeV
m4
)3
,
(A.3)
from which we estimate the sterile neutrinos decay length d:
d = τ
ps
m4
' 3.6× 10
3 km(
1− 0.46
(
200 MeV
m4
)2)2 ×
(
10−7
sin2 θτ4
)2(
200 MeV
m4
)3
,
(A.4)
where the numerical estimates at the RHS assumes a mean energy Es ∼ 250 MeV. Therefore,
sterile neutrinos decay inside the supernova envelope.
In this two-body process the daughter neutrino distribution in the decay frame, fντ , is
a Dirac delta in energy, and in the isotropic approximation one has
fντ =
1
2
δ(E′ − E) , (A.5)
where
E ≡ (m
2
4 −m2pi)
2m4
(' 54 MeV, form4 = 200 MeV) , (A.6)
is the value that the energy of ντ assumes in the center of mass of ν4. To integrate Eq. (3.10)
over d cos θ, we perform a change of variable
E = γ(1 + β cos θ)E′ → cos θ =
(
E
γE′
− 1
)
1
β
. (A.7)
– 17 –
E (MeV)
0 20 40 60 80 100 120 140 160 180 200
)
-
1
/d
E 
(M
eV
τ
ν
dN
0
0.02
0.04
0.06
0.07
0.09
0.11
0.13
0.15
0.17
0.19
5410×
Figure 11. The spectrum of ντ from ν4 → ντpi0 decay, for the benchmark SN model.
Considering E′ as variable, we obtain:
d cos θ = − 1
βγ
E
E′2
dE′ . (A.8)
From Eq. (3.11) and expressing γ and β as Es/m4 and ps/Es, respectively, keeping in mind
that here a single neutrino is emitted per decay, we obtain
dNντ
dE
=
m4
2E
Bpi0
∫ ∞
Emin
dEs
1
ps
dNs
dEs
. (A.9)
Finally, it is possible to find Emin from Eq. (A.7) which we rewrite as
E =
(
Es + ps cos θ
m4
)
E . (A.10)
At fixed E, we obtain Emin when the factor in parentheses is maximized. This coincides with
the request that cos θ = 1. Thus, after a few algebraic steps one obtains
Emin +
√
E2min −m24 −m4
E
E
= 0 , (A.11)
that leads to
Emin = m4
E2 + E
2
2EE
. (A.12)
In Fig. 11 we show the energy number distribution dNντ /dE obtained from Eq. (A.9) and our
benchmark SN model. The distribution reaches a maximum at E ∼ 60 MeV, significantly
higher than the energy of the ordinary active neutrinos produced from SN explosion. Note
also that since the sterile neutrinos are non-relativistic, the spectrum is essentially a thermal
broadened distribution around the energy E (the zero-temperature limit would simply be a
delta around E).
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A.2 Three-body decays
For sterile neutrinos mixing only with ντ , the following processes are possible
ν4 → ντνaν¯a, ν¯τνaν¯a , (A.13)
ν4 → ντe−e+, ν¯τe−e+ . (A.14)
Exclusive decay rates are equal for Dirac and Majorana cases. For the three neutrino
case one has
Γ(ν4 → ντνβ ν¯β) = G
2
F
768pi3
sin2 θτ4m
5
4(1 + δτβ) . (A.15)
In the case of interest, i.e. a Majorana neutrino, one has to account for the charge conjugated
processes to get the total rate [38, 39, 55, 56]
Γ3 ≡
∑
β
[Γ(ν4 → ν¯τνβ ν¯β) + Γ(ν4 → ντνβ ν¯β)] = G
2
F
96pi3
sin2 θτ4m
5
4 . (A.16)
Similarly, for the e± channel, assuming me  m4 [38, 39, 55, 56]:
Γ(ν4 → ντe+e−) = G
2
F
768pi3
sin2 θτ4m
5
4
(
1 + 4 sin2 θW + 8 sin
2 θW
)
, (A.17)
yielding the total decay width into an electron-positron pair
Γe± ≡ Γ(ν4 → ντe+e−) + Γ(ν4 → ν¯τe+e−) = 2Γ(ν4 → ντe+e−) . (A.18)
Since at the reference mass of m4 = 200 MeV this width is a factor of four smaller than the
three-neutrino one, which in turn is seven times smaller than the two-body dominant width,
or equivalently they have branching ratios Be± : B3 : Bpi0 ' 0.03 : 0.12 : 0.85, we neglect the
neutrinos coming from the e+e− channel.
The double differential spectrum (in energy and angle) of the neutrinos in the sterile
neutrino rest frame, normalized to one, is either
fI =
1
2
256
27
E′2
m34
(
3− 4 E
′
m4
)
, (A.19)
or
fII =
1
2
96
E′2
m34
(
1− 22E
′
m4
)
. (A.20)
The spectrum fI is the spectrum of both neutrinos in the decays ν4 → ντνβ ν¯β, while the
spectrum fII is the spectrum of the antineutrino. For the charge-conjugated channel ν4 →
ν¯τνβ ν¯β, fI characterizes the antineutrinos, fII the neutrinos. These relations can be simply
derived from the well-known case of the muon decay.
Compared with the two-body decay case, both the spectral distribution and the particle
multiplicity are more involved to determine. Each process involved in Eq. (A.15) involves
the emission of one νe with spectrum fI and one ν¯e with spectrum fII , while its conjugate
involves the emission of one νe with spectrum fII and one ν¯e with spectrum fI ; mutatis
mutandis, the same holds for the µ flavour. On the other hand, all the ντ ’s emitted in the
ν4 → ννν¯ process have distribution fI , while the ντ coming from the charge-conjugated one
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Figure 12. Energy number distribution for νi with i = e, µ, τ from the ν4 → ντνiν¯i decay, for our
benchmark SN.
has distribution fII . As a result, a simple counting shows that the differential rate of the all
flavour species but for the third family is
dΓe
dE′d cos θ
=
dΓe¯
dE′d cos θ
=
dΓµ
dE′d cos θ
=
dΓµ¯
dE′d cos θ
=
Γ3
8
(fI + fII) , (A.21)
while for τ and τ¯ one has
dΓτ
dE′d cos θ
=
dΓτ¯
dE′d cos θ
=
Γ3
4
(3 fI + fII) . (A.22)
Note that the above expressions divided by Γtot = Γ2 body + Γ3 + Γe± , factorizing out the
normalized energy-angle distribution, can be used to isolate the pre-factor Bi (branching
ratio times multiplicity) symbolically appearing in Eq. (3.11), if one so wishes. We finally
perform the same change of variable as for the two-body decay, Eq. (A.7), express γ and β
as Es/m4 and ps/Es, respectively, and obtain similarly to the two-body case
dNα
dE
=
∫ ∞
Emin
dEs
∫ 1
cos θmin
d cos θ
dNs
dEs
1
Γtot
dΓα
dEd cos θ
, (A.23)
where cos θmin is determined by the maximum energy that a produced neutrino can have in
the center of mass of the sterile one, and depends on the shape of fI or fII .
By numerically integrating Eq. (A.23) we obtain the νe, νµ and ντ energy distributions
dNνa/dE (and their identical, charge-conjugated ones) from the three neutrino decay, that
we plot in Fig. 12. The distribution reaches a maximum at E ∼ 80 MeV and extends beyond
the two-body decay one, since the three particles in the final states are massless.
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